INTRODUCTION
models were later developed for other PSMs (Stoner et al., 2012) . Each individual model took 1 the form:
Where DP rem is discrete P removed as a function of cumulative P added to the PSM (mg P kg -1 4 PSM), CP add . Coefficients b and m are simply the coefficients of an exponential equation that 5 predicts DP rem with respect to CP add . Next, equation 1 is integrated with respect to CP add to 6 calculate cumulative P removal (CP rem ; mg kg -1 PSM) as a function of CP add (mg kg -1 PSM); 7 details of this are further described in the Methods section. Stoner et al., (2012) , Penn et al. 8 (2012) and expanded this approach by conducting flow-through 9 experiments on materials at different RTs and inflow P concentrations, which enabled prediction 
The objectives of this study were to compare model results to measured P removal data 1 from several PSMs, P removal structures, conditions (P concentrations and RT), and scales;
2 illustrate how the model output is used to design or predict P removal structure performance; and 3 present results from previously constructed P removal structures. All PSMs listed in Table 1 were characterized for chemical and physical 7 characteristics necessary for input into the universal flow-through model described below. Due 8 to the objectives of this manuscript, the results of this characterization are not shown since they 9 were previously reported in each of the publications that correspond to the validation scenario.
10
A description of PSM characterization for safety analysis is found in Day, 1966) , pH in water, and pH buffer capacity to 6. The pH buffer capacity to 6 was 14 determined using a pH probe and titration with a concentration of HCl that varied as a function 15 of the buffer capacity of the PSM (0.005 to 0.1M). This was determined by trial and error. 16 Particle size distribution curves were determined for each PSM using the ASTM D 422 17 standard method. The results from both the hydrometer and sieve testing were plotted with the 18 diameter in mm versus the percent finer (by mass) and then subjected to a second order 19 polynomial regression resulting in the particle distribution curve. Bulk density was determined 20 by measuring material dry mass at a known total volume; particle density was determined by 8 measuring water displacement after adding a known mass of material. Porosity was then 1 calculated from the bulk density and porosity.
2 All water samples collected from flow-through P removal experiments and monitored P 3 removal structures were filtered through a 0.45 µm membrane and analyzed for dissolved P by 4 the Murphy-Riley method and a Spectronic 21D at 880 µm (Murphy and Riley, 1962) . When 5 possible, samples were tested the same day as collected, and kept refrigerated at 4°C if testing 6 was delayed. Specifics regarding each PSM tested are listed in Table 1 and their use in each of the 10 different experimental scenarios and conditions for each scenario are listed in Table 2 .
11
Photographs of the units are shown in Figure 1 . 
Laboratory flow-through measurements of PSMs 13
Materials listed in Table 2 under "Laboratory flow-through columns" were obtained, 14 characterized and tested for dissolved P removal in a flow-through scenario in the laboratory at 15 specified conditions listed that table, and then compared to predicted P removal using the flow-16 through P removal model described in equations 1, 3, and 4. The flow-through experiments were 17 completed using a setup previously described by Fuchs et al. (2009) and Stoner et al. (2012) , and 18 are shown in Fig. 1a . The outflow concentration at each time (0, 30, 90, 120, 150, 180, 210, 240, 19 270, and 300 min) for each sample was tested and compared with the inflow P concentration to 20 calculate discrete removal (%) at each sampling event. The P loading was calculated using the 21 inflow P concentration, flow rate, and mass of PSM.
Pond Filter Structure 1
In order to test PSMs on a larger scale than a laboratory flow-through experiment, a P 2 removal structure was constructed next to a 405 m 2 pond located at the Oklahoma State 3 University Botanical Gardens. This is the same site as the P removal structure described in Penn 4 and McGrath (2011), but the structure was update by replacing the tank with a 1136 L plastic 5 stock tank. Two different PSMs were tested in this structure ( residential, and a golf course . Two different PSMs were tested in this 10 structure ( Table 2 ). An example runoff P removal structure is shown in Fig. 1d . 11
Poultry Farm Runoff Structure

12
A P removal structure was constructed at an outlet that drained 3.6 ha of a poultry farm in 13 eastern Oklahoma (Penn et al., 2014a; Fig. 1d ). The site is located within the Illinois River
14
Watershed which is designated as a scenic river. The P removal structure was designed and 15 constructed as described in Penn et al. (2014a) . Briefly, the structure was designed to remove 16 45% of the annual dissolved P load at the location (annual load ~ 20 kg yr -1 ) and handle a 17 maximum flow rate of 2.8 m 3 min -1 (1.6 ft 3 s -1 ) or one-tenth of the estimated peak flow rate from 18 a 2-yr, 24-h storm. To date, this P removal structure is still being monitored (Table 2) . 
Runoff Plot Interception Trenches
Interception trenches containing un-treated EAF slag were constructed on six turfgrass 1 runoff plots previously described in detail by Wang et al. (2014) . The runoff plots were 2 fertilized with P and designed to collect runoff from both natural and simulated rainfall events.
3 All runoff samples were tested for dissolved P as previously described, and Cu, Zn, and Mn by 4 ICP-AES. Westover, Maryland, located on the Eastern Shore of Maryland. While the ditch drainage 8 system serves to prevent flooding of agricultural fields and roads, they also directly connect 9 landscape nutrients to the surface waters (Pierce et al., 2012; Ahiablame et al., 2011) . More 10 detail on the ditch drainage system of Maryland can be found in Needelman et al. (2007) and 11 Vadas et al (2007) . Because of this connectivity, the ditches serve as a direct intercession point 12 for removing dissolved P before the drainage water reaches the Chesapeake Bay (Buda et al., 13 2012). Three ditch filters were constructed with flue gas desulfurization (FGD) gypsum and 14 three were constructed with EAF steel slag. The FGD gypsum and slag were obtained from U.S.
15
Gypsum and Tube City IMS, respectively. An additional storm water basin P filter was constructed on a poultry farm in Centreville, 3 MD using EAF steel slag (Fig 1e) . Drainage from around the barns collected in the storm water 4 basin, and the water was allowed to drain out of the basin through the steel slag into a drainage 5 ditch. This system used custom made perforated steel boxes, designed with the concept of a The sampling for the storm water basin filter at Centreville was similar. The runoff water 21 flowed into a ditch containing a flow control structure that diverted the water into the pond, essentially collecting all the runoff from the poultry production section of the property. The 1 water then flowed through the filters where it drained into a pipe that leads into the main ditch; 2 this pipe contained a weir for measuring flow rate and also a sampler tube to capture treated 3
water. An additional sampler was established to take simultaneous samples from the untreated 4 pond water at the same time-pacing utilized in the ditch P removal structures.
5
The bottles from each site were collected once a week and the data from the samplers was 6 downloaded. The samples were analyzed for pH, EC, and total solids. Two subsamples of water 7 were then split off from the main sample for dissolved P analysis. Dissolved P was measured by 8 the method previously described. groups based on the dominant sorption mechanism, either ligand exchange onto Fe and Al 21 materials or precipitation of Ca-phosphates in Ca materials (Klimeski et al., 2014 Lyngsie et al., 2014; Wendling et al., 2013; . Phosphorus sorption materials are 1 classified in one of the two broad P sorption mechanism categories based on chemical 2 characteristics (pH, buffer index, Total Ca, Al, and Fe). While there are two sets of models, one 3 set per mechanism, the basic equation used is the same for both; equations 2a and 2b. The such as a change from bi-dentate to mono-dentate sorption and from ligand exchange to 1 precipitation (Ler and Stanforth, 2003; Kafkafi et al., 1967; Taylor and Ellis, 1978; Syers et al., 2 1973) . Therefore, the portion of the model that deals with the Fe/Al materials additionally 3 involves a series of equations that predict the location of the junction point between the linear P 4 removal line and the exponential line. Essentially, the coordinates of the junction point is 5 estimated from the amount of ammonium oxalate extractable Fe and Al.
6
After the equation for the discrete removal curve (measured) or design curve (predicted) 7 is determined (equation 1), it can be integrated to produce a CP rem removal curve prior to use in 8 designing or quantifying a P removal structure. Values of CP rem in units of percent at any 9 desired cumulative P loading (i.e. CP add ), is obtained by integrating equation 1:
Dividing the integrated discrete removal curve or design curve by 100 instead of CP add 12 results in CP rem in mg P kg -1 PSM:
The loading at which the PSM's DP rem (%) approaches 0, i.e. when the PSM is spent and inflow 15 P equals outflow P concentration, can be determined by using the coefficients from the discrete 16 removal curve or design curve:
Input of the maximum P added into either equation 3 or 4 for CP add will result in the maximum 19 CP rem in percent or mg kg -1 , respectively.
Twenty-two PSMs, which were not used in creation of the model, were chemically and 1 physically characterized as previously described, with results input into the model for obtaining 2 the predicted parameters of the design curve (i.e. the predicted discrete curve: cumulative P and y coordinates of the junction point previously described. The predicted and measured curve 10 parameters were then statistically compared using a paired t-test conducted with SAS.
11
In addition, for each PSM used in this paper, a linear regression was conducted between 12 measured and predicted DP rem at each cumulative P loading point (i.e. CP add ), and between CP rem values were also well predicted (Tables 3 and 4 ). This is due to the fact that cumulative P 12 is determined by integration of the design curve.
13
Further assessments of the model for specific scenarios are shown in and 5 were somewhat skewing the data with slope values greater than 2.
The R 2 values obtained from linear regression between individual measured and 1 predicted CP rem points for each scenario were greater than 0.96 and always larger than the R 2 2 values for the DP rem points ( the DP rem curve parameters are needed to calculate the absolute lifetime of a P removal structure 6 (i.e. the cumulative P loading point at which P is no longer able to be removed; equation 5), the 7 CP rem curve provides the information necessary for estimating/predicting how much P will be 8 removed at a certain point within the lifetime of the P removal structure. For example, even 9 though the DP rem for AMDR 1 was over-predicted by the model (discrete slope = 2.4), the CP rem 10 at the final measured loading point was reasonably well predicted (11 vs. 16% and 1413 vs. 2001 11 mg kg -1 ; Table 4 ). For Fe/Al-based PSMs, the average slope of the linear regression between 12 measured and estimated CP rem points was not significantly different from 1. Overall, the average 13 slope for the linear regression between measured and estimated CP rem points for Ca-based PSMs 14 was 1.39, which was significantly greater than 1. Again, this indicates that the Ca-based PSM 15 model was generally over-predicting CP rem . Regardless, the final measured CP rem at the final P 16 loading point (CP add ) for the Ca-based materials shown in the final two columns of Table 4 were 17 not significantly different from predicted values (p = 0.1 and 0.28 for CP rem expressed as percent 18 of total input and mg kg -1 PSM, respectively; Table 3 ). and Ca-based materials. The ability to predict the design curve reduces the effort required to design a P removal structure or quantify an existing structure by eliminating the need for time 1 consuming flow-through experiments, which must be conducted separately for each RT and 2 input P concentration of interest. However, by using the model, various scenarios can be easily 3 investigated requiring only the characterization of the PSM and site conditions. 
Where PL annual is the annual P loading for the site (g), DL is desired lifetime (yr) of the structure, (Figs 2b, 3b, and 4b ). This process is 11 illustrated in several examples below. Note that the CP rem curve used to make this calculation is 12 specific to the PSM, inflow P concentration, and RT. The CP rem curve is determined by 13 integration of the predicted DP rem curve (i.e. design curve) as described in equations 3 and 4. On Table 4 . The inflow P concentration was 1 mg L -1 . Each point 9 shown on the DP rem curve in Fig.2a represents the percentage of P removed at that sampling The cumulative curve, determined by integration of the DP rem curve (equations 3 and 4),
21
removes some of the noise present in the discrete curve and presents a useful picture of the PSM's ability to sorb P from the context of designing a P removal structure. The points plotted in 1 Fig. 2b and 2c are measured data points, which are compared to the predicted CP rem curve (solid 2 line). If this curve was to be used in sizing a P removal structure, continuing with the same respectively, compared to model predictions. The predicted DP rem and CP rem was not 13 significantly different from measured values, with some slight over-prediction of CP rem . The 14 treated and sieved slag material is often favored over other PSMs in certain situations due to the 15 large hydraulic conductivity of the material, thereby allowing a large amount of water to pass 16 through it quickly during peak flow events. Here we present an example design for a future site 17 located in Grand Lake St. Mary's Watershed, Ohio, using the CP rem curve (Fig. 3) capacity, total Ca, and smaller mean particle diameter, resulting in about twice as much P 10 removal (53 vs. 26 mg kg -1 ) under similar conditions, which was well predicted by the model 11 (Table 4 ; Slag 7-Golf course). The current model was able to capture the differences in the 12 chemical characteristics that are critical to P removal, while also taking into account inflow P 13 concentration and RT. 
Maryland Ditch Filters and Storm Water Basin Structure 15
The ditch P filters represented the largest P removal structures constructed in this 16 validation set as the mass of PSM varied from 46 to 80 Mg (Table 5 ). In general, the model did 17 a reasonable job at predicting the cumulative mass of P removed over the 3-yr monitoring period.
18
The storm water basin P removal structure (Centreville ; Table 5 ) represented a scenario with 19 easily moveable PSM boxes that were replaced annually over 4 years. When the y-intercept was 20 set to 0, the R 2 value between predicted and measured cumulative mass of P removed was 0.78 21 (p < 0.01) with a slope of 0.92, thus only a slight overall under-prediction. The statistical t-test also showed that the predicted values were not different from the measured cumulative mas of P 1 removed (p < 0.01).
2
The average mass of P removed by the large ditch filters was 0.79 kg, with final P 3 concentrations on the PSMs ranging from 8 to 25 mg kg -1 ; values similar to the untreated slag 4 materials used in the Golf course filter (Slag 3) and runoff plots (Slag 4) listed in Table 4 . Note 5 that the use of the untreated slag and FGD gypsum are generally much less potent at removing P 6 on a per mass basis compared to the other materials examined, specifically the treated slag and 7
AMDRs (Table 4) . However, the model was able to capture this through differences in PSM 8 chemical characterization. It is difficult to directly compare the performance of the non-treated 9 slag ditch filters to the FGD gypsum filters in Table 5 because of the differences in filter size, 10 inflow P concentrations, RT, and the cumulative inflow P load. Regardless, notice that the slag 11 ditch filters had a much greater cumulative inflow P load compared to the FGD gypsum ditch 12 filters; this is due to the high hydraulic conductivity of the sieved slag (~1 cm s -1 ) compared to 13 FGD gypsum (~0.01 cm s -1 ), thereby allowing a greater volume of water and mass of P to enter into the structure (Canga et al., 2014) .
25 monitoring makes the P removal structure a viable means of meeting TMDL P discharge 1 regulations and could be used in nutrient trading programs.
It is important to keep in mind that P removal structures are intended to treat "hot spots" Table 2 . Location and description of conditions for each phosphorus (P) removal scenario examined in this study (Figure 1 ), utilizing P sorption materials (PSMs) described in Table 1 Table 5 . Summary of dissolved phosphorus (P) removal by six ditch filter structures (example picture Fig. 1d ) and one storm water basin filter (Centreville; example picture Fig. 1e ) after four years. All structures were located in Maryland, USA, and contained either flue gas desulfurization (FGD) gypsum or electric arc furnace steel slag as the P sorption material (PSM) Table 4 (AMDR 4). Table 4 (Slag 3-Golf Course).
